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Sulfur is an essential plant macronutrient which its uptake, distribution and 
assimilation generally are in balance with the plant sulfur requirement for growth 
(Hawkesford and De Kok, 2006). Sulfur is not only essential for physiological 
functioning of the plant, but it has been established that plant sulfur metabolism 
may also provide protection against pests and diseases. For instance, plant sulfur 
nutritional status appears to be of great importance in the susceptibility of plants 
against fungal pathogens (Schnug, 1997; Haneklaus et al., 2006). The fact that sulfur 
nutrition has a positive influence on plant health became obvious in the early 1990s 
when, simultaneously with a decrease in atmospheric SO2 levels in Western Europe, 
the occurrence of fungal infection of crop plants increased dramatically, especially 
in Scotland (Schnug et al., 1995). Schnug (1997) warned that the sulfur fertilizer 
practice needed to be altered in order to compensate the decline in atmospheric 
sulfur deposition and the subsequent decrease the sulfur nutritional status of 
agricultural crops. Indeed, sulfur fertilization proved to have a significant effect on 
the infection rate and infection severity of different crops by fungal diseases 
(Haneklaus et al., 2006). For instance, sulfur fertilization of field-grown potatoes 
significantly reduced the rate of infection with Rhizoctonia solani (Klinkocka et al., 
2005) and of vine grapes by powdery mildew, Uncinula necator (Bloem et al., 2005). 
Also Dubuis et al. (2005) demonstrated a clear effect of sulfur nutritional status of 
oil seed rape on its resistance against Leptosphaeria maculans, Botrytis cinerea, and 
Phytophthora brassicae in pot experiments. In a greenhouse experiment under 
controlled conditions, Wang et al. (2003) showed an effect of sulfur nutrition on 
the disease index for different fungi and crops. In trials with increasing sulfur 
supply, the disease index decreased by 5% for infection of oilseed rape with 
Sclerotinia sclerotiorum, by 21% for infection of corn with Bipolaris maydis, and by 44% 
for infection of winter wheat with Rhizoctonia cerealis. 
The term Sulfur-Induced Resistance (SIR) denotes the reinforcement of the 
natural resistance of plants against biotic stress factors through triggering the 
stimulation of metabolic processes involving sulfur by targeted sulfate-based and 
soil-applied fertilizer strategies (Haneklaus et al., 2007). The potential efficacy of 
SIR might be high and it was observed a reduction of the disease index ranged 
from 5-50% and 17-35% in greenhouse and field experiments, respectively 
(Haneklaus et al., 2006). Interactions between sulfur fertilization, sulfur-containing 
metabolites and pathways putatively involved in SIR, and susceptibility of plants 
against fungal infections have comprehensively been reviewed and quantified by 
Bloem et al. (2007) and Haneklaus et al. (2007, 2009). 
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The underlying mechanisms and pathways of SIR appear to be host/pathogen 
specific. The following so-called sulfur-containing defense compounds are 
suggested to be involved in resistance of plants against fungal pathogens: elemental 
sulfur, cysteine, glutathione, sulfur-rich proteins (defensins and thionin), 
phytoalexins and glucosinolates (Fig. 1; Bloem et al., 2005). These defense 
compounds may be constitutively present in plants, e.g. glutathione, glucosinolates, 
and sulfur-rich proteins, or may be induced upon infection, e.g. elemental sulfur 
and phytoalexins. In addition to sulfur-containing metabolites, there may also be a 
gaseous release of reduced sulfur e.g. H2S, either as a by-product of the primary 
metabolism or as a result of stress-induced enzymatic reactions, which might also 




Fig. 1. Metabolites involved in the protection of plants against pests and pathogens with 
special emphasis on sulfur-containing defense compounds. 
 
1.1  Sulfur uptake and assimilation in plants  
 
Sulfur is taken up as sulfate by the root, though it needs to be reduced prior to its 
metabolism in primary and secondary sulfur compounds (Fig. 2). The roots take up 
sulfate by high-affinity sulfate transporters. The major proportion of sulfate is 






















chloroplasts. However, the root plastids also contain all enzymes required for 
sulfate reduction and its assimilation. Prior to its reduction, sulfate needs to be 
activated by ATP, a reaction which is catalyzed by ATP sulfurylase (ATPS). The 
product APS (adenosine 5′-phosphosulfate) is reduced to sulfite (SO32-) by APS 
reductase (APR) and the tripeptide glutathione is used as an electron donor. Part of 
APS is further phosphorylated by APS kinase (APK) to form 3′-phosphoadenosine 
5′-phosphosulfate (PAPS), which is required for various sulfation reactions, for 
instance in the biosynthesis of glucosinolates. Sulfite is reduced by sulfite reductase 
(SiR) to sulfide (S2-), which is incorporated into O-acetylserine via O-acetylserine 
(thiol) lyase (OAS-TL) to form cysteine. In addition to sulfate taken up by the 
roots, plants are able to utilize foliarly absorbed sulfur gases, viz. H2S, SO2, and 
atmospheric levels of > 0.05 µl l-1 may contribute substantially to plant sulfur 
nutrition (De Kok et al., 2007). 
Cysteine is the major precursor for organic sulfur-containing compounds in 
plants as well as sulfur donor for synthesis of methionine, the major other sulfur-
containing amino acid (Stulen and De Kok, 1993). It has been suggested that the 
cytosolic cysteine may have a regulatory function in the signaling of the plant 
response to pathogens (Bloem et al., 2007; Álvarez et al., 2012). Both cysteine and 
methionine are important for structure and function of proteins as predominant 
proportion of the organic sulfur compound. The thiol groups of the cysteine 
residues has significant role in metal-sulfur clusters in proteins like ferredoxins 
(Palmer and Guerinot, 2009), and in regulatory proteins, thioredoxins (Arnér and 
Holmgren, 2000). Cysteine also present in another primary sulfur compound, 
glutathione, a water-soluble non-protein thiol compound, which is involved in 
antioxidative defense, enzymatic detoxification of xenobiotics, phytochelatine 
biosynthesis and detoxification of heavy metals (Rausch et al., 2007; Foyer and 
Noctor, 2009; Takahashi et al., 2011; Park et al., 2012). Sulfur is present in vitamins 
and cofactors such as thiamine, biotin, and coenzyme A (Leustek et al., 2000; 
Leustek, 2002), membrane sulfolipids (Benning, 1998; Sato et al., 2004) as well as 
cell walls (Popper et al., 2011). Moreover, sulfur is essential for the biosynthesis of 
secondary compounds such as glucosinolates, alliins and phytoalexins. These 
compounds appear to play an important role in physiology and protection of plants 
against environmental biotic and a biotic stress (Fahey et al., 2001; Durenkamp and 
De Kok, 2004; Popper et al., 2011; Ravilious and Jez, 2012). 





Fig. 2. Sulfate assimilation pathway and metabolism of H2S and SO2 in plant as a platform 
for the biosynthesis of sulfur-containing compounds with special emphasis on 
glucosinolate.  
 
1.2  Glucosinolates 
 
Glucosinolates constitute a large group of non-volatile and sulfur-containing 
secondary plant metabolites, which occur in all economically important 
Brassicaceae as well as the model plant Arabidopsis thaliana (Fahey et al., 2001; 
Halkier and Gershenzon, 2006; Halkier and Gershenzon, 2006; Tripathi and 
Mishra, 2007). Up to now 140 different glucosinolates have been identified which 
30 of them are present in Brassica species (Bellostas et al., 2007; Burow et al., 2008). 
Glucosinolates are responsible for nutritional qualities of Brassica products such as 
oil, meal (B. napus, B. juncea and B. rapa) and vegetables, B. rapa and B. oleracea 
(Hirani et al., 2012). In addition, they are responsible for the taste and flavor of 
Brassica plants (Fenwick et al., 1983; Martinez-Sanchez et al., 2006; Jones et al., 
2006; Padilla et al., 2007). The break-down products of glucosinolates have 
presumed to play a role in plant defense against herbivore and insect as well as 
active attractant to specialist pathogens (Fahey et al., 2001; Agrawal and Kurashige, 
2003). Furthermore, glucosinolates have received attention due to anti-carcinogenic 



























Glucosinolates are organic anions consisting of a β-D-thioglucoside group linked to 
a (Z)-N-hydroximinosulfate ester and a variable side chain that is derived from a 
variable amino acid (R-group; Fig. 3; Mikkelsen et al., 2004). The glucosinolates are 
synthesized via the action of two cytochromes P450, a C-S lyase, a glucosyl 
transferase and a sulfo-transferase (Fig. 3; Halkier and Gershenzon, 2006). 
Glucosinolates can be grouped into three chemical classes, aliphatic, indolic, and 
aromatic glucosinolates (Fig. 4; Kliebenstein et al., 2005), according to their amino 
acid precursors or their chain elongated derivatives (Rosa, 1999; Halkier and 
Gershenzon, 2006).  
The content of the glucosinolates varies strongly between plant 
species/cultivars, type of tissue, developmental stage and the sulfur supply/status 
of the plant (Kirkegaard et al., 1998; Castro et al., 2004; Haneklaus et al., 2006, 
2007; Antonious et al., 2009). Glucosinolates are well known to be involved in plant 
defense response mechanisms, being induced after wounding, pathogen attack 
(Cole, 1997) or insect herbivory (Gols et al., 2007; Martin and Muller, 2007; Burow 
et al., 2008). This became obvious in 1986 when the switch from single-low to 
double-low oilseed rape varieties led to an increasing infestation of oilseed rape 
with fungal diseases such as light leaf spot (Pyrenopeziza brassicae), sclerotinia stem 
rot (Sclerotinias clerotiorum), and alternaria (Alternaria brassicae; Frauen, 1989). This 
phenomenon was attributed to the drastically reduced glucosinolate content in 
double-low varieties (Dornberger et al., 1975; Koch, 1989; Mithen et al., 1986; 
Pedras et al., 1998).  
Significant variations in the aliphatic glucosinolate composition were observed 
after infection of Brassica napus with Alternaria brassicae following different patterns 
in susceptible and resistant cultivars (Doughty et al., 1991). In another study, the 
glucosinolate content of three susceptible and two resistant varieties of Brassica 
oleracea infected with Peronospora parasitica was evaluated, finding the sinigrin content 
to be higher in resistant varieties than in susceptible ones. Additionally, resistant 
varieties were able to be distinguished from susceptible ones according to the ratio 
of glucobrassicin and 4-methoxy-glucobrassicin (Menard et al., 1999). However, 
intact glucosinolates have limited biological activity (Rask et al., 2000), their potency 
arises when the plant tissue is damaged, and glucosinolates come into contact with 































               Aliphatic glucosinolate                    Indolic glucosinolate                   Aromatic glucosinolate 
 
Fig. 4. Examples of aliphatic, indolic and aromatic glucosinolates, here represented by 3-
methylsulfinylpropyl glucosinolate, indol-3-ylmethyl glucosinolate and benzyl glucosinolate 
(Kliebenstein et al., 2005). 
 
Glucosinolates and myrosinases are spatially separated in differential cellular 
compartments (Kelly et al., 1998; Koroleva et al., 2000; Husebye et al., 2002). 
Myrosinases are largely stored within myrosin grains in myrosin cells, but have also 



























Fig. 3. Glucosinolates are synthesized 
from amino acids or their chain 
elongated derivatives (a) via the 
action of two cytochromes P450, a 
C-S lyase, a glucosyl transferase and a 
sulfo-transferase (b). Basic chemical 
structure of glucosinolate (c) is 
consisted of a -D-thioglucoside 
group, N-hydroximinosulfate ester 
and variable side chain (R; Halkier 




bind to memberanes (Luthy and Matile, 1984). The myrosin cells contain fewer 
lipids, a high content of endoplasmic reticulum and harbor smooth-looking protein 
bodies referred to as myrosin grains (Bones and Iversen, 1985; Thangstad et al., 
1991). Myrosinase gene family (TGG1-TGG6) in Arabidopsis thaliana showed that 
TGG1 and TGG2 are expressed in leaves, cotyledons, flowers and stems (Zhang et 
al., 2002). The expression of only TGG2 has been slightly found in siliques (Zhang 
et al., 2002). In addition, transcripts level of TGG1 showed that it is expressed in 
phloem and guard cells, but not in roots and seeds (Thangstad et al., 2004). And 
also, the analysis of TGG3 showed that it expressed in stamens and petals (Zhang 
et al., 2002), TGG4 and TGG5 has been expressed in root only, and TGG6 
detected in flowers, especially in the stamens (Rask et al., 2000; Xu et al., 2004; 
Andersson et al., 2009). 
Glucosinolates may also be localized in vacuoles of non-specific cells (Grob and 
Matile 1979; Matile, 1980; Helmlinger et al., 1983). After mechanical damage or 
infection, cellular breakdown exposes the stored glucosinolates to myrosinases 
(Bones and Rossiter, 2006; Bednarek et al., 2009; Clay et al., 2009; Kissen et al., 
2009; Kissen and Bones, 2009; Ahuja et al., 2010) and then upon contact, 
glucosinolates are converted by myrosinase to a variety of break-down products 
including nitriles, isothiocyanates (ITCS), thiocyanates, oxazolidine-2-thiones and 
epithionitriles (Fig. 5; Rask et al., 2000; Lambrix et al., 2001; Wittstock and Halkier 
2002; Halkier and Gershenzon, 2006) depending on the substrate, pH conditions, 
availability of ferrous ions, and the level and activity of specific protein factors such 
as the epithiospecifier protein (Halkier and Du, 1997). 
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Because of the broad range of breakdown products from glucosinolates, there are 
few observations on their exact mode of action on pathogens. The toxicity of 
isothiocyanates is thought to depend on irreversible reactions with sulfhydryl 
groups, amine groups, and disulfide bonds of proteins, thus causing enzyme 
inactivation (Brown and Morra, 1997). Aromatic isothiocyanates appeared to be 
more toxic than aliphatic compounds and fungal toxicity of aliphatic 
isothiocyanates decreased with increasing length of the side chain (Manici et al., 
1997; Sarwar et al., 1998). Kojima and Oawa (1971) tried to elucidate the particular 
biochemical mechanism of fungicidal activity of several isothiocyanates using three 
different strains of Saccharomyces cerevisiae (yeast). They reported that isothiocyanates 
act by inhibiting the oxygen uptake by yeast through the uncoupler action of 
oxidative phosphorylation in mitochondria of yeast i.e. inhibiting the coupling 
between the electron transport and phosphorylation reactions and thus eventually 
hindering the ATP synthesis. 
 
1.3  Aim and outline of the thesis 
 
The biosynthesis of sulfur-containing metabolites appears to be under complex 
control, involving not only a multitude of endogenous signals and regulating at 
transcriptional mechanisms, but also the level of applied sulfur supply to plant 
species. This trend also holds for glucosinolates as secondary-sulfur containing 
compounds. Investigation to assess the relation between sulfur nutrition and 
glucosinolates content and composition is of great significance due to the 
nutritional value and anticancer property of the glucosinolates for human society 
and their functioning in plant defense against pests and pathogens. However, the 
impact of sulfur nutrition on the biosynthesis and content of glucosinolates in 
plants is still poorly investigated and needs to be further evaluated. In addition, the 
direct interaction between fungal infection and the regulation of the synthesis of 
glucosinolates needs to be investigated in order to get more insight into the 
significance of the sulfur containing secondary compound in plant resistance to 
pathogens. 
Members of the Brassicaceae are characterized by their high sulfur requirement 
for growth and their ability to accumulate secondary sulfur compounds, notably 
glucosinolates (De Kok et al., 2000). In addition to sulfate taken up by the roots, 
Brassica species are able to utilize atmospheric sulfur gases, viz. H2S and SO2 at 
levels of ≥ 0.2 μl l-1 as sulfur source for growth in the absence of sulfate in the root 




and Brassica rapa cv. Komatsuna were selected to study the effect of pedospheric 
(sulfate) and atmospheric (H2S and SO2) sulfur nutrition on primary and secondary 
sulfur compounds, and the regulation of sulfur metabolism pathway therein 
involved. Atmospheric H2S and SO2 were used as supplemental sulfur nutrition 
along with sulfate in order to get more insight into the modulation of glucosinolate 
level. Furthermore, atmospheric H2S and SO2 were solely (without sulfate) used as 
a tool to investigate regulation of biosynthesis of glucosinolate in shoots and roots 
separately. In addition, glucosinolate turnover was studied upon sulfur deficiency to 
get more inside into the significant of glucosinolates as sulfur storage in Brassica 
species. 
Glucosinolates have presumptive role in plant defense against pests and 
pathogen. Using B. rapa whose glucosinolate’s content has been supposed to be 
altered by manipulation of sulfur supply, can give inside into the significance of 
glucosinolates in protection of plants against pathogens. B. rapa has been 
characterized with lower glucosinolate content compare with B. juncea which might 
indicate a higher sensitivity to pathogen. In addition, the sequenced B. rapa genome 
(Wang et al., 2011) provided the opportunity to study transcript level of genes 
involved in biosynthesis of glucosinolates. This made B. rapa an interesting 
candidate to study the function of glucosinolate metabolism in response to fungi 
attack. Two necrotrophic fungi, Alternaria brassicicola, specialist Brassica pathogen, 
and Botrytis cinerea, generalist Brassica pathogen (Rowe and Kliebenstein, 2010) were 
selected to investigate the role of specific types of glucosinolates and the expression 
of genes in the biosynthesis and regulation of biosynthesis of glucosinolates in B. 
rapa in response to fungi infection.  
In this thesis the followings topics were investigated: 
Chapter 2 described the impact of pedosperic sulfate and atmospheric H2S and SO2 
nutrition on regulation of sulfur metabolism in B. juncea and B. rapa. In Chapter 3 
the impact of pedosperic and atmospheric sulfur nutrition on glucosinolate content 
of B. juncea and B. rapa has been studied to access the significance of glucosinolates 
for sulfur storage. In Chapter 4 the impact of pedosperic and atmospheric sulfur 
nutrition on the glucosinolate composition were investigated in B. juncea and B. rapa 
to get more insight to the biosynthesis of individual glucosinolates in shoot and 
root, separately. In Chapter 5 the significance of glucosinolates in plant defense in 
infected B. rapa with necrotrophic fungi Alternaria brassicicola, specialist fungus, and 
Botrytis cinerea, generalist fungus has been studied. In Chapter 6 the role of involved 
genes in biosynthesis of aliphatic and indolic glucosinolates and their positive 
regulators, MYB transcription factors, in infected B. rapa with necrotrophic fungi 
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has been studied. In Chapter 7 the significance of sulfur nutrition in manipulation 
of glucosinolate content and composition and their possible role in resistance of 
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